Anatomically modern humans carry many introgressed variants from other hominins in 12 their genomes. Some of them affect their phenotype and can thus be negatively or 13 positively selected. Several individual genes have been proposed to be the subject of 14 adaptive introgression, but the possibility of polygenic adaptive introgression has not been 15
Introduction 30
As anatomically modern humans expanded out of Africa, they encountered other 31 groups of now extinct humans such as Neandertals and Denisovans. The availability of 32 complete genomes from Neandertal and Denisovan individuals led to the discovery of 33 past gene flow between these archaic hominins and non-Africans (Green, et al. 2010; 34 Prüfer, et al. 2014; Prüfer, et al. 2017) . Indeed, estimates of Neandertal ancestry for non-35
African populations range from 1 to 3% (Green, et al. 2010; Prüfer, et al. 2014; Prüfer, et 36 al. 2017) , and Melanesians and East Asians have an additional 3-4% and 0.2% ancestry, 37 respectively, from potentially different sub-groups of Denisovans (Reich, et al. 2010 ; 38 phenotypes, including for example immune and pigmentation traits (Gittelman, et al. 48 2016; Simonti, et al. 2016 ). Consequently, we expect some archaic variants to have an 49 impact on the fitness of modern humans, and therefore to be the target of different forms 50 of selection. The significant depletion of introgressed archaic variants in coding 51 sequences has been attributed to negative selection (Sankararaman, et al. 2014; Vernot 52 and Akey 2014; Harris and Nielsen 2016; Juric, et al. 2016 ), but several studies have also 53 described cases of adaptive introgression, i.e. when a variant of archaic origin is positively 54 selected after the introgression event. For example, the introgression of a Denisovan 55 haplotype in EPAS1 could have helped Tibetans adapting to high-altitude (Huerta-56 Sanchez, et al. 2014) and single-locus studies have identified adaptive introgression in 57 genes involved in immunity and metabolism, e.g. genes of the major histocompatibility 58 locus (MHC) (Abi-Rached, et al. 2011), SLC16A11 (SIGMA Type 2 Diabetes Consortium 59 2014), OAS1, STAT2 , or Toll-like receptors (Deschamps, et al. 2016; Quach, et al. 2016) . 60
Previous studies of adaptive introgression have mainly focused on isolated genes or 61 clusters of physically linked genes yielding a strong signal of selection. However, 62 adaptation can sometimes result from subtle shifts in allele frequencies and some traits 63 have a polygenic basis (Stephan 2016 ). These faint signals would typically remain below 64 the detection threshold of most methods and evidencing polygenic trait evolution thus 65 remains challenging (Le Corre and Kremer 2012). Nevertheless, methods based on gene 66 set enrichment (Daub, et al. 2013) or network analysis (Gouy, et al. 2017) have 67 successfully detected more subtle signals of selection and identified biological pathways 68 underlying adaptation. However, it is still difficult to distinguish between two possible 69 modes of polygenic selection when analyzing genomic data. Observed changes in allele 70 frequencies at different loci that can indeed be either due to i) independent selection 71 events having sequentially occurred at different times on different genes or ii) 72 simultaneous selection of combination of variants in different genes. We will hereafter 73 refer to these two types of multigenic selection as independent and epistatic selection, 74 respectively. 75
In this study, we analyze archaic introgression maps that have been recently made 76 available for 35 Melanesian individuals as well as samples from the 1000 Genomes 77 project (1000 Genomes Project Consortium 2015 . We used recent and refined functional 78 enrichment methods based on biological pathway analysis. First, we apply a method to 79 detect sets of connected genes (sub-networks) within pathways that present higher-than-80 expected levels of archaic introgression. We also introduce a new test to distinguish 81 between the sequential selection of introgressed alleles at different loci and epistatic 82 selection by testing whether some introgressed variants are co-segregating within 83 individuals. 84
Results

85
Detection of gene subnetworks enriched in archaic variants
86
We first computed an archaic introgression score for each gene as the density of 87 archaic haplotypes along the exons of a given gene (see Methods). To see if groups of 88 functionally related genes presented significantly high levels of introgression, we then 89 used the R package signet (Gouy, et al. 2017 ) to identify high scoring subnetworks among 90 three biological pathway databases (KEGG, NCI, and Reactome), and this for each of the 91 three populations considered (East Asians: EAS; Europeans: EUR; Papua New 92 Guineans: PNG). Significant pathways and associated subnetworks are presented in 93 Table 1 . As several subnetworks overlapped (and were sometimes identical), we merged 94 all significant subnetworks for each population and assigned them to clusters (Table 1) . 95 96 EUR, and Papua-New-Guinea: PNG). For each significant pathway, we report the database it belongs to, the full pathway name and sizes, 98
the subnetwork size, its score, its p-values and its q-values, as well as the symbols of the genes belong to the significant subnetwork. 99
Subnetworks have been assigned to the same cluster if they were overlapping for at least one gene. 100
101
In East Asians (EAS), we identify three significant pathways belonging to two non-102 overlapping clusters of genes. Cluster 1: "Transmembrane Transport of Small Molecules" 103 and "Unwinding of DNA"; Cluster 2: "Immune System" (Table 1) . Interestingly, several 104 genes of the two pathways of cluster 1 belong to the Solute Carrier family (SLC). Even 105 though SLC proteins are all transporters, they are involved in a variety of distinct 106 functions. Some of them are involved in neurotransmission in the γ-aminobutyric acid 107 (GABA) GABAergic synapse (SLC38A3, SLC6A1 and SLC6A5), or act as sodium-108 hydrogen exchangers (SLC9A8) or sodium bicarbonate cotransporter in neurons 109 (SLC4A7 and SLC4A10). Finally, SLC24A4, a Calcium/Potassium Sodium transporter 110 that is involved in olfactory transduction, hair and eye color, and teeth development. The 111 second cluster of genes is immunity-related, including for example three Toll-like 112
Receptors coding genes (TLR1, TLR6, TLR10), IRAK4 (interleukin-1 receptor-associated 113 kinase 4) and CD36 (cluster of differentiation 36). 114
In Europeans (EUR), we identify 12 biological pathways presenting high levels of 115 introgression, which can be assigned to four non-overlapping clusters of genes (Table 1) . 116
Among others, these pathways include "Processing of Capped Intron-Containing Pre-117 mRNA", "Uptake and actions of bacterial toxins", three Netrin-related signaling pathways, 118 and two olfactory signaling pathways. The first cluster of genes obtained by pooling 119 connected subnetworks contains 24 olfactory receptors. The second group of genes is 120 Finally, in Melanesians (PNG), gene networks enriched in archaic introgression are 129 mostly linked to immunity and metabolism. Five pathways belonging to two clusters 130 contain a significant gene subnetwork: "Uptake and actions of bacterial toxins", "Antigen 131 and absorption", "Ligand-gated ion channel transport", "Neurotransmitter uptake and 133 metabolism In glial cells". The cluster "Uptake and actions of bacterial toxins" is obviously 134 involved in immunity and consists mostly in genes of the SLC family. One of them is also 135 found in EAS (SLC4A10), but the others are only found in Melanesians: a sodium/calcium 136 exchanger (SLC24A3), a sodium/proton exchanger (SLC9A9), and two glucose 137 transporters (SLC2A2 and SLC2A12). Interestingly, this cluster contains another gene 138 related to glucose metabolism: Glucose-6-phosphatase 2 (G6PC2) as well as SPTB, 139 which encodes the Spectrin-beta protein that plays a role in erythrocyte membrane 140 stability. The cluster "Antigen Presentation: Folding, assembly and peptide loading of 141 class I MHC" contains growth factors and immunity-related genes. Cell proliferation 142 related genes include the Growth Hormone Receptor (GHR), Epidermal Growth Factor 143 (EGF), and Fibroblast Growth Factor 10 (FGF10). We also identify growth factor receptors 144 such as Receptor tyrosine-protein kinase erbB-3 (ERBB3), LIF Receptor Alpha (LIFR). 145
Metabolism-related genes include kinase suppressor of ras 2 (KSR2) that is involved in 146 glucose and fatty acid oxidation. The other genes of this cluster are involved in immune 147 response to pathogens: Janus Kinase 1 (JAK1), Mitogen-activated protein kinases 148 (MAPK1, MAP2K1, MAP2K2), as well as three Interleukins receptors (IL20RA, IL22RA2, 149 OSMR). 150
We decided to have a closer look at the Spectrin-beta (SPTB) gene, which codes for 151 a protein with a specific function in erythrocyte membrane structure, as it is a constituent 152 of the cytoskeletal network underlying the membrane. This gene is interesting as it could 153 be potentially be involved in response to malaria, a disease that is present in Papua-New-154
Guinea. As we did not have access to the genotypes of the individuals used for inferring 155 the introgression map, we examined the genomes of 14 Papuan individuals from the 156 Simons Genome Diversity Panel (SGDP) (Mallick, et al. 2016 ). The comparison of the 157 genotypes of modern individuals to those of three archaic individuals allowed us to 158 confirm the presence of an introgressed haplotype that segregates in Australo-159
Melanesian populations ( Figure 1 ). The introgressed haplotype overlaps with the SPTB 160 gene and its introgression frequency is maximum in the 5' promoter region ( Figure 1) , 161
suggesting that gene expression is affected. Among SGDP samples, we find one 162 homozygous and five heterozygous individuals for the introgressed haplotype, the 15 163 others carry haplotypes that are distinct from archaic sequences ( Figure 1 ). To confirm 164 the role of SPTB variants in erythrocyte membrane stability, we used ClinVar (Landrum, 165 et al. 2015) records to check whether introgressed archaic variants could have an impact 166 on the red blood cell membrane. We identified 15 mutations that were present in 167 homozygous derived state in archaic individuals and in the introgressed haplotype along 168 this gene. Interestingly, these mutations are all linked to elliptocytosis and spherocytosis, 169 and thus involved in an abnormal shape of red blood cells (Table S1) corresponds to the genotypes of these individuals for SNPs in this region that have no 181 missing data and a minor allele frequency > 0.05 (grey: heterozygous; black: homozygous 182 for the alternate allele). 183
Detection of co-introgressed gene sets
184
Analysis of highly-introgressed gene networks 185
Previous results suggest that some functionally related sets of genes present an 186 overall enrichment in archaic alleles. We introduce here a new method to test if some 187 introgressed alleles in different genes of a given sub-network present a significant 188 association within individuals, i.e. are in statistical linkage disequilibrium (LD). In practice, 189
we check if the total number of archaic variants within individuals fits a Poisson-binomial 190 distribution (cf. Material and Methods). A significant deviation from expectations indicates 191 the presence of LD (potentially maintained by epistasis) within the gene set. A 192 permutation test then allows us to correct for physical proximity, as we want to focus on 193 long-range LD only. 194
We applied this new test to all genes belonging to significant subnetworks (Table 1) , 195 for each subpopulation separately (i.e. 5 European, 5 East Asian and 1 Papua- Guinean subpopulations), such as to avoid detecting spurious signals of LD due to 197 population structure. The test detected significant associations in all 11 populations (one 198 test per population, p < 1.10 -5 ) without considering physical linkage. However, when using 199 the permutation procedure that considers all genes within 1 Mb as a single locus, the 200 signal disappeared in all gene sets but one (all p-values > 0.05). The only remaining 201 significant gene set involves olfactory receptors (ORs) (European cluster 1 in Table 1) . 202
These results suggest that i) most of the linkage disequilibrium patterns observed among 203 these genes are due to physical linkage, and ii) that a large (> 1 Mb) archaic haplotype 204 encompassing olfactory receptors is segregating in Europeans. 205
Analysis of the whole pathway database 206
We then applied the same method to all biological pathways, irrespective of them being 207 found significant by our sub-network analysis or not. With this approach, we find a total 208 of 21 significant pathways. The most significant pathways are the Receptor Signaling Pathway in TSI (Table 2) . Some metabolic functions are also 219 significant: Transport of Vitamins Nucleosides and Related Molecules in GBR, 220
Metabolism of Amino Acids and Derivatives in IBS (Table 2) Figure S2 ). The pattern of archaic 251 introgression in this region is mainly due to the presence of a large archaic haplotype that 252 segregates in European populations. The frequency of this haplotype is about 10 %, and 253 it is located close to the centromere (downstream at position 55-57 Mb, Figure S2 ). 254
We then explored the evolutionary relationships between introgressed and non-255 introgressed haplotypes at this locus, and particularly those haplotypes present in the 256 1000 Genomes European individuals (phase III), that we compared to haplotypes found 257 in the Altai (Alt) and Vindija (Vin) Neandertals, and that found in the Denisovan individual 258 (Den). We followed the approach of Danneman et al. (2016) to reconstruct haplotype 259 networks (see Material and Methods). The strategy is to identify clusters of haplotypes 260 (core haplotypes) based on their genetic similarity. We found a set of six modern human 261 core haplotypes (labelled I-VI) and three archaic haplotypes (labelled VII-IX). We then 262 computed pairwise nucleotide distances between these 9 core haplotypes, from which 263 we build a neighbor-joining tree (Figure 3 Quach, et al. 2016). We also identify two other TLR-associated genes that have an 287 excess of Neanderthal tracts in East Asians: IRAK4 and MYD88. These two genes are 288 involved in the immune response to pathogens and are functionally linked to TLR 289 receptors as they code for proteins that are activated by TLR to form a protein complex. 290
We also identify three genes with an excess of introgressed variants that all belong to the 291 OAS (2'-5'-oligoadenylate synthetase) cluster in Europeans. These genes are also 292 involved in response to pathogens and have been previously described as candidates for 293 adaptive introgression (Mendez, et al. 2013; Sams, et al. 2016 ). Another example of 294 introgressed immunity-related genes is the regions containing STAT2 and ERBB3 in 295
Papuans. It has indeed been shown (Mendez, et al. 2012 ) that a large 250 kb haplotype 296 of Denisovan ancestry segregates at a high frequency and encompasses these genes. 297
Even though we do not identify in our significant networks an excess of introgressed 298 haplotypes in the STAT2/ERBB3 cluster region, we find closely related genes, e.g. JAK1, 299 and numerous other highly introgressed genes that are involved in the immune response 300 (Table 1) . It suggests that other functionally related genes might have been targeted by 301 selection, and that adaptive introgression in this case involves more genes than 302 previously thought. 303
Possible resistance to malaria 304 Interestingly, some of the introgression signals we identify in Papuans can be 305 associated to genes potentially involved in response to malaria. A common strategy of 306 resistance to malaria indeed involves defects in normal red blood cells metabolism and 307 structure (Williams 2006) . It has been observed that several mutations conferring sickle 308 cell anaemia (haemoglobin S), thalassaemia, Southeast Asian ovalocytosis or Glucose-309 6-phosphate dehydrogenase (G6PD) deficiency are naturally protective against malaria 310 (reviewed in Williams (2006) ). Ovalocytosis, a hereditary condition in which most 311 erythrocytes have an oval shape, is a phenotype that occurs in up to 20% or more in the 312 PNG population (Amato and Booth 1977) . Red blood cell membrane defects have several 313 genetic bases, one of them being a mutation in the SPTB gene (Iolascon, et al. 2003; 314 Lelliott, et al. 2017), which is one of our genes candidate for being subject to adaptive 315 introgression. Some mutations in the SPTB gene that are found in archaic genomes and 316 that segregate in Papuans, but which are almost absent from the rest of the world have 317 been previously associated to the elliptocytosis phenotype (see ClinVar records in Table  318 S1). It is also interesting to see that two glucose transporters (GLUT2 and GLUT12) and 319 the G6PD2 gene are also carrying a significant excess of archaic variants. Glucose 320 metabolism in red blood cells has been shown to have a major impact on the survival of 321
Plasmodium parasites (Williams 2006) , and therefore conditions the susceptibility of 322 humans to malaria. We postulate that introgression could have been the source of several 323 adaptive variants increasing the fitness of individuals in an environment where malaria is 324 endemic. Since malaria resistance alleles typically appeared after the Neolithic transition 325 (Hedrick 2012) , these alleles could have been present in archaic populations for a long 326 time, evolving neutrally in the absence of malaria and been positively selected only once 327 the disease appeared (Laval, et al. 2019) . Alternatively, archaic populations living in 328 tropical areas could have been exposed to similar endoparasites, which is possible as 329 malaria parasites infect many vertebrates including great apes, which are the most likely 330 origin of the parasite transmission to humans (Prugnolle, et al. 2011 ). In any case, our 331 results confirm that archaic introgression is widespread in immunity-related genes and 332 that pathogens represent a strong selective pressure which could be one of the major 333 causes of adaptive evolution in humans (Fumagalli, et al. 2011; Daub, et al. 2013; 334 Dannemann, et al. 2016; Quach, et al. 2016) . 335
Introgression in the solute carrier (SLC) family
336
Genes from the SLC family encode for membrane transport proteins and are involved 337 in several distinct biological processes. Neandertal variants at two SLC loci (SLC6A11, 338 SLC6A13) have previously been associated to behavioural traits (depression, mood 339 disorders, smoking behaviour) and some alleles have been shown to be preferentially 340 expressed in the brain (Simonti, et al. 2016; . In Papuans, 341 we find genes showing a significant excess of introgression that have been respectively 342 associated to autism susceptibility and attention-deficit/hyperactivity disorder, e.g. 343 SLC9A9 (Lasky-Su, et al. 2008). Here, we report other genes from the same family that 344 have a brain-biased expression and show an excess of introgressed segments in East 345 Asians and Europeans: SLC6A1 (a GABA transporter), SLC6A5 (a sodium-and chloride-346 dependent glycine neurotransmitter transporter), and SLC28A1, as well as in Papua-347 New-Guineans: SLC4A10 (controlling intracellular pH of neurons, the secretion of 348 bicarbonate ions across the choroid plexus, and the pH of the brain extracellular fluid). 349
These results suggest that archaic introgression might have also affected 350 behavioural/neuronal traits, even though it is difficult to link these phenotypes to a precise 351 selective pressure. Other SLC genes showing high levels of introgression include genes 352 encoding for two glucose transporters in Papua-New-Guineans (SLC2A2 and SLC212), 353 and SLC24A4 in East Asians that has been associated to hair and skin pigmentation and 354 adaptive introgression of an archaic variant at this locus has been hypothesized 355 . The rest of the SLC genes have less specific functions 356 and are therefore difficult to associate to a particular biological process. 357
Olfactory receptors (ORs)
358
A large Neandertal haplotype encompassing several ORs in the centromeric region of 359 chromosome 11 is found at a frequency of about 10 % in Europeans. A recent study 360 suggests that the whole centromeric region has been introgressed in Europeans 361 (Langley, et al. 2019 ). These genes are short and clustered together, explaining why ORs 362 pathways are significant in enrichment test that assume independence between loci. 363
Interestingly, more than 40 % of the 856 olfactory receptor genes in the human genome 364 are in 28 gene clusters on chromosome 11 (Taylor, et al. 2006 ). However, even though 365 the enrichment pattern we observe could be due to physical linkage, we observe a very 366 long haplotype overlapping the centromere of chromosome 11 that includes many 367 olfactory receptors and which has been recently introgressed in humans from 368 Neandertals. Indeed, the recombination rate of this region is very low, but it is not low 369 enough to make it compatible with incomplete lineage sorting since the divergence with 370 archaic humans. However, it is sufficiently low to still observe such a long haplotype tens 371 of thousands years after the introgression event. Even though a case of adaptive 372 introgression is likely for this region, it is difficult to identify the exact selective constraints 373 having promoted this polymorphism in this region, as the relationship between these ORs 374 and a human phenotype remains to be determined. 375
A new test to detect co-introgressed variants
376
In this study, we have introduced a new approach to detect a non-random association 377 of introgressed alleles within individuals at the gene-set level. This approach is similar to 378 a test of linkage disequilibrium but i) it is performed at the individual level rather than at 379 the population level, ii) it is restricted to functionally related, biologically meaningful, sets 380 of genes; and iii) we perform a single test per gene set, irrespective of the number of 381 genes present in this gene-set, which avoids the problem of multiple testing. This 382 approach might thus be a good way to identify small groups of genes that have variants 383 with positive epistatic interactions, which would deserve further investigations and 384 functional validation. 385
When investigating the genomic signal of polygenic selection from genomic data only, 386 it is difficult to distinguish between two possible scenarios: sequential selection of 387 independent genes or simultaneous selection of alleles at different loci within individuals 388 (through positive epistasis). Provided that alleles can be classified into two categories 389 (introgressed and non-introgressed in our case, our approach allows one to distinguish 390 between these two types of polygenic selection: independent selection at different loci, 391 and epistatic selection within a gene set. By applying this method to archaic introgression 392 in modern humans, we found evidence of these two types of selection. Note however that 393 our test is quite general, as it could be applied to any other distinctions such as two 394 different genetic backgrounds or ancestral/derived states. 395
Our approach shows that the genomic signal of polygenic selection we observed is 396 most of the time explained by an independent and probably sequential selection of loci 397 involved in related functions (e.g. immune or metabolic functions, Table 1 ). Our results 398 also highlight the fact that physical linkage might be responsible for a large portion of the 399 signal observed in previous enrichment tests. Indeed, physical linkage between loci will 400 artificially inflate the proportion of significant genes in a given gene set. For example, in 401 the case of archaic introgression, olfactory receptors have been identified several times 402 in enrichment test (Sankararaman, et al. 2014; Steinrücken, et al. 2018 ), but we observe 403 that highly-introgressed ORs (at least 24 of them) are clustered together in the genome, 404 potentially leading to a spurious signal of enrichment when considering these genes as 405 independent. It follows that one should consider linkage between loci when performing 406 enrichment tests. 407
Interestingly, we find several significant gene sets with signals of epistatic selection of 408 archaic variants in Europeans, East Asians and Papuans. Most of these gene sets are 409 involved in immunity, and a few are involved in metabolic functions. Even though the 410 observed signal is relatively weak (see Figures 2 and S1), it is still significant after 411 correction for multiple tests. Note that the observation of a strong LD between physically 412 unlinked loci requires extremely strong epistatic selection (Felsenstein 1965) , so that it is 413 still remarkable that we observe signals of epistasis given the relatively small samples 414 sizes on which our test was applied. 415
Conclusions 416
Our detailed examination of the distribution of introgressed haplotypes in the human 417 genome has allowed us to identify several genes interacting in biological pathways that 418 carry archaic variants at a relatively high frequency. Overall, our results suggest that 419 archaic introgression has affected human metabolism and response to different types of 420 pathogens (bacteria, virus and protists), which have been critically determinant during 421 human adaptive history. We also propose a new test to distinguish between the 422 independent selection and co-selection of adaptive variants, a distinction that is usually 423 overlooked in classical tests of polygenic selection. Even though the overall amount of 424
Neandertal and Denisovan introgression is quite low in modern humans, some 425 introgressed genes nevertheless present archaic variants that are in linkage 426 disequilibrium within individuals, which is highly unexpected for variants found in different 427 location of the genome without a strong selective force maintaining and possibly 428 promoting these associations. It suggests that these variants have a strong impact on the 429 present fitness of their carriers and that epistatic selection maintains them at relatively 430 high frequency. 431
Material and methods
432
Genetic data and introgression maps
433
To study introgressed haplotypes in present-day human genomes, we used 434 introgression maps published in Vernot et al. (Vernot, et al. 2016 ). This dataset consists 435 in haplotype calls for Neandertal, Denisova in Europe (EUR, 503 diploid individuals), East 436 Asia (EAS, 504 diploid individuals), and Papua-New-Guinea (PNG, 35 diploid 437 individuals). Putatively introgressed regions were detected based on the S * statistic (Wall, 438 et al. 2013 ). These regions were then compared to the reference Neandertal genome to 439 characterize introgressed archaic haplotypes in modern humans (Vernot, et al. 2016 To study the functional impacts of archaic variants, we estimated the amount of archaic 443 introgression in each population for each gene. We define the level of introgression for a 444 given region of the genome as the average frequency of inferred archaic variants of this 445 region. To be more conservative, we computed this measure only in the exons of each 446 gene. We considered Neandertal haplotypes only for Europeans and East Asians, and 447
Neandertal and Denisova haplotypes for Papua-New-Guineans. In the end, we have a 448 single introgression measure per gene and per population, to which we will refer below 449 as the gene score or introgression score. 450
Detection of gene subnetworks enriched in archaic variants
451
Biological pathways data and conversion to gene networks 452
We considered biological pathways as gene networks. More formally, we define a gene 453 network as a graph ( , ), where is a set of nodes (i.e. genes), and is a set of edges 454 (i.e. interactions between genes). In this study we used three signaling and metabolic 455 pathway databases that are considered as references in systems biology: (i) KEGG, the 456 Kyoto Encyclopaedia of Genes and Genomes Pathway database ; (ii) NCI, the National 457
Cancer Institute / Nature Pathway Interaction Database (Schaefer, et al. 2009 ); and (iii) 458
Reactome (Fabregat, et al. 2016) . We then used the R/Bioconductor graphite package to 459 convert biological pathways into graphs of interacting genes (Sales, et al. 2012) . 460
Search for outlier subnetworks 461
We applied the workflow described in Gouy et al. (2017) and implemented in the 462 R/Bioconductor package signet to detect highly introgressed gene subnetworks within 463 biological pathways. This approach uses a simulated annealing algorithm to find the 464 highest-scoring subnetwork (HSS) within each biological pathway. Then, a statistical 465 testing procedure is implemented to detect outlier HSS. An empirical null distribution of 466 HSS scores is built, from which a p-value is then computed. 467
We applied this procedure to the three populations (EAS, EUR, PNG) for which we 468 computed the exonic introgression score. For each population, we ran the algorithm on 469 each individual pathway. We used 5,000 iterations of simulated annealing for individual 470 pathways. 10,000 permutations of gene scores were done to generate the empirical null 471 distribution and compute p-values. 472 mutation rate; μ = 1 × 10 −9 and μ = 0.5 × 10 −9 per base pair per year: = 
Test of co-introgression in a gene set
516
Here, we present a new method to detect if some groups of variants (here, archaic 517 haplotypes) are co-occurring more than expected by chance alone in some individuals, 518 or if there is no significant association between loci within individuals. We estimate this 519 measure of functional linkage for all considered gene sets (e.g. biological pathways). At 520 each locus, each individual, will have a score of 0, 1 or 2, depending on its genotype, 521 which represents the number of archaic haplotypes observed at this locus. The statistical 522 test consists in comparing, for each gene set, the observed distribution of the sum of 523 archaic haplotypes per individual to its expectation. 524
Co-introgression test 525
Let be a set of genes. For each gene ∈ , let ∈ {0,1,2} be the observed number 526 of archaic haplotypes of individual present at gene . Let be the population frequency 527 of archaic haplotypes at a given gene . For a given individual, the expected number of 528 archaic haplotypes is the sum of Bernoulli trials (one trial per homologous chromosome 529 and per gene, i.e. = 2 | | trials). Therefore, we model these observations as a 530
Poisson binomial distribution, which corresponds to a sum of independent Bernoulli trials 531 that are not identically distributed, since the probability to have an archaic haplotype 532 varies for each gene. That way, we can model the outcome of different loci for a given 533 individual with locus-specific probabilities of success (i.e. estimated frequencies at this 534 locus). 535
The probability mass function of the Poisson binomial distribution is: 536
where is the set of all subsets of integers that can be selected from {1,2,3, . . . , }. 538 is the complement of set . Pr( = ) is the sum of the products of success probabilities 539 (allele frequencies) over all possible subsets of size . To compute this sum, one needs 540 to enumerate all elements in , which is not feasible in practice. We used the discrete 541 Fourier transform implemented in the R package poisbinom to estimate it (Hong 2013) . 542
Now that we know the distribution of the sum of archaic alleles per individual, we want 543 to test the goodness-of-fit to a theoretical Poisson binomial (with parameters and ). 544
We perform this comparison using a chi-square test, each category being a possible value 545 of the sum of archaic alleles (k) per individual. 546
Controlling for physical linkage and population structure 547
The test we have developed assumes that loci are independent, which might not be 548 true due to population structure or physical linkage. To exclude a gene set presenting 549 linkage because of one of these factors, we apply a permutation test if the exact test is 550 significant. First, we apply this test to subpopulations of the 1000 Genomes project (i.e. 551
for Europeans: CEU, FIN, TSI, IBD, GBR; and East Asians: CDX, CHB, CHB, KHV, JPT). 552
We do that to avoid a spurious signal due to a Wahlund effect due to population structure. 553
Then, we permute the genotypes 10,000 times within gene clusters. We cluster genes 554 based on their pairwise physical distance, using a neighbor-joining tree that we cut at a 555 given distance threshold (here, 1 Mb) to define the clusters. At each iteration, we sample 556 one cluster of gene, permute the genotypes among individuals, and compute the chi-557 square statistic used to test the goodness-of-fit of the distribution. Finally, the resulting 558 empirical distribution of χ 2 statistics is used to compute a p-value. 559
